Significance: Our data reveal a novel role for
RhoG/ELMO1/Dock180 and provide insight into the molecular mechanisms of spine morphogenesis.
Summary
Dendritic spines are actin-rich structures, the formation and plasticity of which are regulated by the Rho GTPases in response to synaptic input. Although several guanine nucleotide exchange factors (GEFs) have been implicated in spine development and plasticity in hippocampal neurons, it is not known how many different Rho GEFs contribute to spine morphogenesis or how they coordinate the initiation, establishment, and maintenance of spines. In this study, we screened 70 rat Rho GEFs in cultured hippocampal neurons by RNA interference and identified a number of candidates that affected spine morphogenesis.
Of these, Dock180, which plays a pivotal role in a variety of cellular processes including cell migration and phagocytosis, was further investigated. We show that depletion of Dock180 inhibits spine morphogenesis, whereas overexpression of Dock180 promotes spine morphogenesis. ELMO1, a protein necessary for in vivo functions of Dock180, functions in a complex with Dock180 in spine morphogenesis through activating the Rac GTPase. Moreover, RhoG, which functions upstream of the ELMO1/Dock180 complex, is also important for spine formation. Together, our findings uncover a role for the RhoG/ELMO1/Dock180 signaling module in spine morphogenesis in hippocampal neurons.
Dendritic spines are highly specialized protrusions that form synapses with axons and receive most of the excitatory neurotransmission in the central nervous system (1, 2) . Abnormalities in spine morphology and plasticity are closely associated with neurological disorders such as mental retardation, epilepsy, schizophrenia, and Alzheimer's disease (3) . Therefore, elucidating the molecular mechanisms by which spine morphogenesis and plasticity are regulated is crucial to understanding how information is processed and stored in the brain, and the pathogenesis of various neurological diseases.
Dendritic spines are dynamic, actinrich structures that are modulated in response to synaptic inputs (4) (5) (6) .
Formation and organization of the actin cytoskeleton are mediated by the Rho GTPase family members, including RhoA, Rac1, and Cdc42 (7) (8) (9) (10) (11) . The Rho GTPases switch between an active GTPbound form, which is generated by guanine nucleotide exchange factors (GEFs) that catalyze exchange of GDP for GTP, and an inactive GDP-bound form, which is produced by GTPase-activating proteins (GAPs) that stimulate the intrinsic GTPase activity (12) .
There are 21 members of the family of Rho GTPases in mammals, but nearly 80 Rho GEFs. These GEFs can be divided into two distinct subfamilies: Dbl-homology-pleckstrin homology (DH-PH) domain-containing proteins and CZH (CDM and zizimin homology) proteins (13, 14) . Several Rho GEFs belonging to the DH-PH domain-containing subfamily, such as Tiam1, Kalirin-7, β-PIX, ArhGEF6, GEFT, Lfc/GEF-H1, and Intersectin, have been reported to affect spine development and plasticity in hippocampal neurons (15) (16) (17) (18) (19) (20) (21) (22) (23) . However, it is not known how many Rho GEFs play a role in spine morphogenesis, or how the Rho GEFs coordinate the initiation, establishment, and maintenance of spines. Dock180, a prototype member of CZH subfamily proteins, is an unconventional Rho GEF in that Dock180 is catalytically active toward Rac1 in cells only when it is in a complex with ELMO (24) . Dock180 plays an essential role in a wide variety of biological functions including cell migration, phagocytosis of apoptotic cells, and myoblast fusion (25) (26) (27) (28) (29) . Furthermore, Dock180 was implicated in the invasive phenotype of glioma cells (30) . In neurons, Dock180 is crucial for coupling netrin stimulation to Rac1 activation (31) and is required for axon retraction/pruning following activation of ephrin-B3 reverse signaling (32) . Despite the important functions of Dock180 in different types of cells in normal and pathological conditions, a role for Dock180 in spine morphogenesis has yet to be revealed.
In this study, we screened an RNAi library consisting of 70 short hairpin RNAs (shRNAs) targeting rat Rho GEFs and identified a number of candidate proteins that may be involved in spine morphogenesis. We show that Dock180 is required for spine formation and demonstrate that the RhoG/ELMO1/Dock180 signaling module plays a role in spine morphogenesis in cultured hippocampal neurons.
Experimental Procedures
Plasmids FLAG-Dock180, Dock180-ISP, RhoG and ELMO constructs were kindly provided by Kodi Ravichandran and have been described previously (24, 25, 33) . pCXN2-m2Venus-Dock180 was a gift from Michiyuki Matsuda. For knockdown of Dock180, ELMO1 and RhoG, oligonucleotides targeting different regions of each gene were synthesized, annealed, and inserted into pSUPER. Sequences of the oligonucleotides are as follows:
For generation of the Dock180 and RhoG rescue constructs, the following oligonucleotides were synthesized to make silent mutations in the constructs, rendering them resistant to the shRNAs: pCXN2-m2Venus-mtDock180, GAAGGGGCGATGAACAGTA (3416 to 3464); pEGFP-C3-mtRhoG, CTACCGTGTTTGATAACTA (101 to 119). 
Neuronal culture and transfection
Hippocampal neuron cultures were prepared from embryonic day (E)19 rat embryos as previously described (34) with minor modifications. Briefly, hippocampi were dissected from E19 rat embryos, trypsinized, and triturated through a glass Pasteur pipette. Dissociated neurons were plated on glass coverslips coated with 1 mg ml -1 poly-L-lysine. After initial attachment, the coverslips were transferred to dishes containing a monolayer of glia cells. Cultures were grown in neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with B27 (Invitrogen) and 2 mM GlutaMAX (Invitrogen). Neurons were transfected using the calcium phosphate method as described (34) .
Cerebral cortical regions were isolated and dissociated with 0.25% (v/v) trypsin digestion and trituration with a Pasteur pipette. Six well plates coated with 1% (w/v) poly-Llysin were seeded with 1x10 6 cells. The cells were maintained in neurobasal medium supplemented with B27, 0.5 mM glutamine, and glucose.
Construction, production, and transduction of lentiviral vectors
Lentiviral vectors expressing shRNA for Dock180, Elmo1 or RhoG were constructed by replacing the tetO-H1 promoter region in pLVTHM (Addgene #12247; Wiznerowicz and Trono, 2003) with the H1-shRNA cassette, bearing a BamHI and a ClaI site, from the pSuper-shRNA vectors. Lentiviral vectors expressing Dock180 or Elmo1 were constructed by inserting the Dock180 or Elmo1 cDNA into the NotI or BamHI/SpeI sites of pLV-Venus (35) . All vectors were verified by sequencing. Lentivirus production and titering were carried out as described previously (35) using 293T cells. Hippocampal and cerebral cortical neurons cultured for 7 days were infected with the lentiviral vectors. The virus-containing medium was removed 2 h later and replaced with fresh neurobasal medium. Three days after infection, the cultures were harvested and analyzed by western blotting.
Small GTPase activity assay
Hippocampal neurons infected with the Dock180-or ELMO1-expressing lentiviral vector were harvested with ice-cold lysis buffer. The whole cell lysate was incubated overnight at 4°C with GST-PBD (for Rac1 and Cdc42) or GST-RBD (for RhoA) immobilized to GSH beads. Bound small GTPases were separated by 15% SDS-PAGE and detected by immunoblotting with antibodies against Rac1, Cdc42, or RhoA.
Immunoprecipitation and Western Blotting
For co-immunoprecipitation experiments, hippocampal neurons at DIV 10 were lysed by lysis buffer (20 mM Tris/HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 10% glycerol, 1.0% NP-40, 1mM PMSF, 1mM NaF, 1mM sodium orthovanadate, and EDTA-free protease inhibitor cocktail (Roche Applied Science)). Samples were centrifuged for 20 min at 15,000 rpm. Cleared lysates were incubated with antiDock180 antibody (2µg) or IgG (2µg) for 1 hour at 4°C. The immune complexes were then precipitated with protein A/G-beads (Santa cruz). Beads were washed three times with lysis buffer. Bound proteins were eluted with 2x Laemmli sample buffer and subjected to SDS-PAGE and western blot analysis as previously described (22) .
Immunocytochemistry
For endogenous immunostaining of Dock180 and ELMO1, hippocampal neurons were fixed in 1:1 methanol:acetone for 20 minutes at -20°C. They were blocked using Roche Western Blocking Reagent (diluted 1:10 in 0.2% Triton X-100 in PBS) at room temperature for 1 hour. Neurons were then incubated with primary antibodies diluted in blocking buffer overnight at 4°C. Secondary antibodies diluted in blocking buffer were incubated with the neurons at room temperature for 1 hour. Neurons were then washed with PBS and mounted using Vectashield (Vector Laboratories).
Microscopy and Image Quantification
Hippocampal neurons were fixed in 4% paraformaldehyde with 4% sucrose in phosphate-buffered saline (PBS) at room temperature for 15 min). Fluorescence images were acquired using a Zeiss LSM510 confocal microscope with a 63X oil-immersion lens, an Olympus FV1000 confocal microscope with a 60x water immersion lens, or an inverted epifluorescence microscope (Nikon TE-200) with a 60 water-immersion lens (Plan Achromatic, NA 1.2) coupled to a CCD camera (Hamamatsu OrcaER), controlled by Openlab 5.0.1 software (Improvision, Boston, MA). Dendritic spines were defined as mushroom or stubby-shaped protrusions contacted by presynaptic terminals. Filopodia were defined as long, thin protrusions without an enlarged spine head and not contacted by presynaptic terminals. Lamellipodia were defined as broad (width>3µm) protrusions. Lamellipodia were excluded in the spine head size quantifications. Spine density was measured by counting the number of spines on 15-20 neurons. Spine head size was measured using ImageJ. All experiments were repeated at least three times. A two-tailed, two-sample, unequal variance Student's t-test was used to calculate the p values.
Results

Dock180 is required for dendritic spine morphogenesis in cultured hippocampal neurons
The Rho GTPases are central regulators of the actin cytoskeleton, which is highly enriched in the spines. To identify potential regulators of spine morphogenesis, we generated a library of 70 shRNAs in pSUPER against the rat Rho family GEFs. A screen using the shRNA library revealed a number of interesting candidates (supplementary material, Fig. S1 and Table S1 ), including those known to be involved in spine morphogenesis, such as Intersectin (16) . One of the candidate proteins was Dock180, which has been known to regulate the actin cytoskeleton through Rac1 for phagocytosis, cell migration, and neuronal polarization (26, 27, (36) (37) (38) . ELMO1, which forms a complex with Dock180 to activate Rac1 (24, 26) , was implicated in the regulation of axonal and dendritic development (37) . Thus, we decided to investigate the role for Dock180 in spine morphogenesis. First, we examined Dock180 expression levels at different stages of neuronal development, and found that the protein is expressed at all developmental stages examined (Fig.1a) , consistent with a role in neurite extension as well as synaptogenesis. We then examined the endogenous distribution of Dock180 in cultured hippocampal neurons. Dock180 accumulated in punctate structures that partially co-localize with the excitatory synaptic marker PSD-95 (Fig. 1b) , further indicating a potential role in synaptogenesis.
To explore a role for Dock180 in the morphogenesis of spines and synapses, we transfected hippocampal neurons with wild-type Dock180 and dominant-negative Dock180 (Dock-ISP).
Expression of Dock-ISP significantly reduced spine density, while expression of WT Dock180 resulted in increased spine density (Fig. 1c and d) . In addition, overexpression of Dock180 resulted in the formation of many branched spines and lamellipodia-like protrusions. Quantification showed that 76% of the Dock180 overexpressing neurons form lamellipodia-like protrusions, which are defined as protrusions with a width > 3 µm. There was no significant effect of Dock180 overexpression on spine head size (Fig. 1e , lamellipodia-like structures are excluded in the quantification). Finally, the spines induced by Dock180 overexpression are apposed to presynaptic terminals, indicating that these spines are functional (Fig. 1f) .
To further confirm a role for Dock180 in dendritic spine morphogenesis, we constructed new shRNAs against different regions of the Dock180 gene. ShRNA#2 caused a substantial decrease in endogenous Dock180 expression in Rat2 fibroblasts (supplementary material, Fig. S2a ) as well as neurons (Fig. 1g) , and was used for subsequent experiments. Neurons transfected with shRNA#2 showed a dramatic reduction in spine density ( Fig.1h and  i) , similar to the phenotype seen with our original screen. To verify that the phenotype observed was due specifically to the loss of Dock180, we constructed a Dock180 mutant (mtDock180) that harbors silent mutations, making it resistant to the shRNA construct. We then performed rescue experiments using this mtDock180. As seen in Fig. 1h and i mtDock180 was able to partially rescue the spine formation defect seen in the Dock180-depleted neurons, suggesting that the effect of the RNAi was specific.
ELMO1 is essential for spine formation
The binding of Dock180 to Rac1 is insufficient for GTP loading, and a Dock180-ELMO1 interaction is necessary to modulate actin cytoskeleton for phagocytosis and cell migration (24, 26) . To address whether ELMO1 also plays a role in spine morphogenesis, we first examined the localization of endogenous ELMO1 in hippocampal neurons. As shown in Figure 2a , endogenous ELMO1 localizes to punctate structures that co-localize with the excitatory synaptic marker PSD-95, indicating a possible role for ELMO1 in the formation of spines and their associated synapses.
To see whether ELMO1 is required for spine morphogenesis, we constructed shRNAs against ELMO1 and tested their efficiency of knockdown in Rat2 fibroblasts (supplementary material, Fig. S2b) and neurons (Fig. 2b) . ELMO1 depletion inhibited spine formation to a similar level as the Dock180 shRNA ( Fig. 2c  and d) . However, in contrast to Dock180 knockdown, ELMO1 depletion caused the formation of filopodia-like protrusions ( Fig. 2c  and d ). This result suggests that ELMO1 does not exert its functions entirely through Dock180.
To verify that the effect of the ELMO1 shRNA was specific, we performed rescue experiments in which we depleted endogenous ELMO1 using the shRNA construct and coexpressed mouse ELMO1 fused with GFP. Exogenously expressed GFP-ELMO1 was able to effectively rescue the defects caused by ELMO1 shRNA, showing that the observed defects were specifically due to the loss of ELMO1 ( Fig. 2c and d) . (Fig. 3a) . Overexpression of wild type ELMO1 caused an increase in spine density, similar to Dock180 overexpressing neurons (Fig. 3b and c) . ELMO1 overexpression also caused a small fraction of the spines to adopt a highly branched or lamellipodia-like shape, although the effect is not as dramatic as Dock180 overexpression. Quantification showed 31% of the ELMO overexpressing neurons show lamellipodia-like protrusions, but there was no significant effect on the average spine head size, when lamellipodia-like structures were excluded (Fig.  3d) . Expression of an N-terminally deleted ELMO1 mutant (326-727) or an ARM1 mutant resulted in increased spine density, similar to overexpression of wild type ELMO1 (Fig. 3b  and c) . By contrast, a C-terminally truncated ELMO1 mutant (1-280) clearly inhibited dendritic spine formation (Figure 3b and c) . We observed a similar phenotype with a longer ELMO1 (1-558) mutant lacking the C-terminal PH domain and proline-rich motif (data not shown). These results suggest that the Cterminus of ELMO1 is necessary for activation of Dock180 in hippocampal neurons, which is consistent with previous reports that the Cterminus of ELMO1 mediates the interaction with Dock180, and is required for the Dock180-ELMO1 complex to function in phagocytosis and cell migration (39) (40) (41) .
C-terminus of ELMO1 is sufficient to promote spine formation
We then tested whether spines in ELMO1-expressing neurons are able to form synapses. Immunostaining for the synaptic vesicle protein SV2 confirmed that these spines are apposed to presynaptic terminals, showing that ELMO1-induced spines bear synapses (Fig.  3e ).
ELMO1 and Dock180 form a complex in hippocampal neurons and function through the Rac1 GTPase
ELMO1 and Dock180 function as a complex in various cellular processes. To confirm that they form an endogenous complex in hippocampal neurons, we performed coimmunoprecipitation experiments using lysates from cultured hippocampal neurons. ELMO1 was specifically detected in Dock180 immunoprecipitate (Fig. 4a) , showing that they form a complex in these neurons.
The ELMO1/Dock180 complex functions through Rac1 in various cellular contexts including migration and phagocytosis (33, 42) .
To see if this complex functions through Rac1 in hippocampal neurons, we used lentivirus to overexpress ELMO1 and Dock180 in hippocampal neurons, and examined the activation of Rac1, RhoA and Cdc42, using GST pulldown assays. As seen in Fig. 4b , we observed a significant increase in the activation of Rac1, but no detectable activation of RhoA and Cdc42, in neurons overexpressing ELMO1 and Dock180. These data suggest that ELMO1 and Dock180 function through the Rac1 GTPase in hippocampal neurons.
To further confirm that Dock180 and ELMO1 function through Rac in regulating spine morphogenesis, we co-expressed a dominant negative Rac, RacN17, with either ELMO or Dock180. RacN17 reversed the phenotype of ELMO1 and Dock180 overexpression (Fig. 4c-f) , further showing that the ELMO/Dock`80 complex functions through Rac in spine morphogenesis.
ELMO1/Dock180/Rac functions downstream of RhoG in spine morphogenesis
RhoG regulates neurite outgrowth in PC12 cells through direct interaction with ELMO (37, 43, 44) and functions upstream of ELMO/Dock180/Rac during engulfment and cell migration (25, 45) . However, it was also reported that RhoG is dispensable for cell spreading and migration and could induce membrane ruffling via both Rac-dependent and -independent pathways (46) . Furthermore, RhoG promotes neural progenitor cell proliferation and regulates anoikis not through interaction with ELMO, but through a phophatidylinositol 3-kinase (PI3K)-dependent mechanism (47, 48) . To investigate whether RhoG is part of the ELMO/Dock180 module that functions in spine morphogenesis, we first examined the expression levels of RhoG and ELMO1 at different developmental stages. Both RhoG and ELMO1 are expressed at low levels during neurite extension but their levels significantly increased during the synaptogenesis period (Fig. 5a) , consistent with a function in synaptogenesis. To investigate that they form an endogenous complex in hippocampal neurons, we performed coimmunoprecipitation experiments using lysates from cultured hippocampal neurons. ELMO1 was specifically detected in RhoG immunoprecipitate (Fig. 5b) , showing that they form a complex in these neurons. To explore the role of endogenous RhoG in this process, we designed shRNA constructs to deplete RhoG in hippocampal neurons. As seen in Fig. 5c , the shRNA construct was able to significantly reduce RhoG expression in neurons. Neurons transfected with RhoG shRNA showed dramatically reduced spine density, similar to Dock180 depleted neurons ( Fig. 5d and e) . This defect was partially rescued by co-expressing a mutant RhoG that is resistant to the shRNA construct ( Fig. 5d and e, supplementary material,  Fig. S2c) , indicating that the effect was specific.
To further analyze the effects of RhoG in spine morphogenesis, we expressed WT RhoG, constitutively active RhoG-Q61L, and dominant negative RhoG-T17N in hippocampal neurons. The ectopic expression of RhoG-Q61L increased spine density (Fig, 6a and b) as well as spine head size (Fig. 6c) . There was also an increase in abnormally shaped spines. By contrast, overexpression of RhoG-T17N inhibited normal spine formation ( Fig. 6a and b) . The spines induced by RhoG Q61L overexpression are apposed to presynaptic terminals (Fig. 6d) , indicating that these spines are functional. We conclude, therefore, that RhoG functions to promote spine morphogenesis.
RhoG has been shown to have both Rac-dependent and Rac-independent functions (46) (47) (48) .
To determine whether RhoG functions through ELMO1/Dock180/Rac in spine morphogenesis, we depleted ELMO1 in the context of the constitutively active RhoG-Q61L. As seen in Fig. 7a and b, we were able to reverse the RhoG-Q61L phenotype by depleting ELMO1. In addition, overexpression of ELMO1 was able to rescue the defects caused by RhoG depletion (Fig. 7c and d) . Finally, RacN17 was able to reverse the phenotype induced by RhoG Q61L (Fig. 7e and f) . Taken together, these results argue that RhoG functions upstream of ELMO1/Dock180/Rac in spine morphogenesis.
Discussion
Our data reveal a signaling module, consisting of RhoG, ELMO1 and Dock180, which functions in spine morphogenesis. The ELMO1/Dock180 complex has been shown to regulate a number of Rac-dependent processes including cell migration and phagocytosis (24, 26) . In addition, RhoG has been shown to function in both a Rac-dependent and Racindependent manner (46). Here we identify a novel function for ELMO1/Dock180 in regulating dendritic spine morphogenesis, and show that RhoG functions upstream of this process. Our domain analysis shows that the Cterminus of ELMO1, which mediates the interaction with Dock180, is sufficient to promote spine morphogenesis. This indicates that ELMO1 functions through regulating Dock180 in this process. Furthermore, the Nterminus of ELMO1, which mediates the interaction with active RhoG, caused a reduction in spine density. This suggests that the Nterminus of ELMO1 functions as a dominant negative by binding RhoG but preventing the downstream activation of Dock180 and Rac. Taken together, these data suggest that RhoG, ELMO1 and Dock180 functions as a signaling module to regulate spine morphogenesis, with RhoG being upstream of the ELMO1/Dock180 complex.
Interestingly, we observed reproducible differences in phenotypes in RhoG or ELMO1 versus Dock180-depleted neurons. For example, ELMO1 depletion caused a reduction in spine number along with the formation of filopodia-like protrusions; however we did not observe filopodia-like protrusions in RhoG or Dock180 depleted neurons.
In addition, Dock180 knockdown caused a reduction in spine density as well as in dendrite branching, whereas RhoG or ELMO1 depletion did not have any effect on dendrite branching (supplementary material, Figure S3 ). Thus, it is likely that the separate components of this signaling module are each involved in additional pathways. This is consistent with our finding that Dock180 and RhoG/ELMO1 exhibit differential developmental expression profiles (Fig. 1c and Fig. 4a) .
Our results show that activating RhoG caused an enlargement of the spine head (Fig.  6c) , whereas overexpression of ELMO1 and Dock180 caused the formation of lamellipodialike protrusions, without changing the size of the remaining spines ( Fig. 1e and 3d) . It is likely that RhoG Q61L caused downstream activation of endogenous ELMO1 and Dock180, which are correctly localized to dendritic spines. Thus, activation of RhoG would cause local activation of Rac in the dendritic spines, leading to spine head enlargement. By contrast, overexpression of ELMO1 and Dock180 would lead to a fraction of the proteins to mislocalize outside the spines, leading to more global activation of Rac and the formation of lamellipodia-like structures.
The morphogenesis and plasticity of dendritic spines are critical for cognitive functions such as learning and memory. It is generally believed that activity-dependent spine structural plasticity plays an important role in memory processes; however the underlying molecular mechanisms still remain unclear. Thus, it would be of great interest to elucidate the upstream regulators of the RhoG/ELMO1/Dock180 module. Possible candidates include neurotransmitter receptors and other cell surface receptors.
Further investigation into the upstream pathways will shed more light on the function of this module in spine morphogenesis and potentially activity dependent structural plasticity of spines.
Our finding of a role for the RhoG/ELMO1/Dock180 complex in dendritic spine morphogenesis adds to the ever growing network of signaling molecules that function in this process. Several other Rho family GEFs are also known to be involved in spine morphogenesis. These include Kalirin-7, βPIX, TIAM1, intersectin and GEFT (15, 16, 19, (21) (22) (23) 49) . Further studies are needed to examine the role of these RhoGEFs in different brain regions and types of neurons, as well as different stages of neuronal development. Within the same neuron, these RhoGEFs are likely involved in the spatial and temporal regulations of RhoGTPase activity. Consistent with this, highly localized RhoGTPase activation has been recently observed in hippocampal neurons (23, 50) , which is associated with spine structural plasticity. How the convergent signals from different RhoGEFs spatially and temporally regulate RhoGTPase activity awaits further study. overexpressing lentivirus were incubated with GST-PBD or GST-RBD, and bound small GTPases were detected with antibodies against Rac1, Cdc42, and RhoA. c. Dominant negative Rac (RacN17) reverses the Dock180 overexpression phenotype.
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